ABSTRACT The effects of cholesterol on the dynamics and the structural properties of two different spin probes, the sterol type CSL 
INTRODUCTION
The physical properties of phosphatidylcholine model membranes containing cholesterol have been the subject of extensive studies involving a range of techniques. The techniques that have been used to study the phase behavior are calorimetry (1, 2), spin-labeling electron spin resonance (ESR) (3) (4) (5) (6) , fluorescence (7) , freeze fracture electron microscopy (7, 8) , x-ray and electron diffraction (9) , and recently, Raman spectroscopy (10) , as well as neutron scattering along with freeze fracture electron microscopy (1 1).
A conspicuous phase boundary in the temperaturecomposition phase diagram was found at -20 mol % of cholesterol in phosphatidylcholine model membranes below the main chain melting temperature (Tm) (2-9), although it had earlier been believed that there was a phase boundary around 30 mol % (12) . This phase boundary has similar characteristics to the main chain melting phase transition: that is, it is a kind of gelto-liquid crystalline phase boundary, implying that it is a considerably disordered fluid state above 20 mol % of cholesterol. On the other hand, it is a gel phase below 20 mol %. There are two solid phases (tilted LO. and nontilted Lp phases) which coexist in the region where cholesterol is <20 mol % and at temperatures below the pretransition temperature (Tp) (7, 11) , whereas a cholesterol-rich liquid crystaline phase (P,B.) and a pure phospholipid gel phase (L,3.) coexist at temperatures between Tm and Tp (with Tp Tm -10C) (4, 5, 8) . But the x-ray and electron diffraction studies did not confirm the coexistence of two phases in this region (9) . Based on spectroscopic evidence, the acyl chain tilt begins to disappear with the presence of -5-8 mol % of cholesterol (9, 11) .
The phase behavior of model membranes containing cholesterol in the La liquid crystalline state (above Tm) has not been clearly established as yet. It was pointed out previously (11) that this might partly be because of the experimental difficulty of detecting fluid-fluid immiscibility by the commonly used spectroscopic methods. There have been a few reports suggesting fluid-fluid phase separation (5, 7, 13) . A homogeneous single phase also has been suggested experimentally (9, 1 1).
In addition to the phase behavior, the dynamical properties and ordering of the molecules in the bilayer have their own physical importance. The rotational dynamics and ordering properties of lipid molecules or cholesterol analogues in the binary mixture have been investigated mainly by magnetic resonance (14, 15) and fluorescence techniques (16, 17) . It had been shown that cholesterol decreased the fluidity of the fatty acyl chain in the liquid crystalline state. It has been possible to separate several aspects of the rotational dynamics rather than to use the general term fluidity. In the fluorescence study the rotational motion was analyzed by a model of wobbling motion confined within a cone (16) . In this model the viscosity within the cone remained constant, but the cone angle decreased with addition of cholesterol. The anisotropic rotational diffusion model defines parallel and perpendicular rotational diffusion coefficients, as well as the ordering potential. The ESR study based on spectral simulation, utilized the model of anisotropic rotational diffusion in an orienting potential. It revealed increased ordering, but only a small effect of cholesterol on the rotational motion (15) . Various studies have agreed that the major effect of cholesterol is to reduce the angular range for rotational motion without decreasing mobility substantially (14, 15, 16) . On the other hand, in the gel phase cholesterol induces local disorder and enhances the rotational motion. Generally, fully hydrated bilayers have been used so far. But the careful study of low water content DPPC samples by ESR showed effects of cholesterol on rotational dynamics similar to that in the liquid crystalline phase even in the gel phase (15) .
Another important dynamical property of the bilayer containing cholesterol is the lateral diffusion of the constituent molecules. The effect of cholesterol on the diffusion of the phospholipid molecules has drawn much attention because it is directly related to understanding the transport properties in biological membranes. It has been studied by fluorescence recovery after photobleaching (FRAP) (18) (19) (20) (21) , pulsed-NMR spin echoes (PNSE) (22, 23) , and fluorescence correlation spectroscopy (24) . Below Tm one or two orders of magnitude increase of the lateral diffusion coefficients of the phospholipid analogue above 20 mol % of cholesterol has been found, supporting the idea that it is a fluid phase even below Tm. Also, cholesterol decreased the lateral diffusion coefficient about factors of two at 20 mol % or greater, above Tm (19, 24) . In another study, a sterol type fluorescence probe was found to behave in exactly the same way as a phospholipid type probe (20, 21) . However PNSE gave significantly different results for the self diffusion of phospholipid; the addition of cholesterol was observed to increase the diffusion rates of DPPC up to 10 mol % above Tm, and then to decrease it above 10 mol % (22) . For the unsaturated acyl chain phosphatidylcholines (POPC, DOPC) the lateral diffusion was observed only to increase slightly with cholesterol concentration in the liquid crystalline state (23) .
We have developed an ESR-imaging method for measuring the translational diffusion coefficients of ordered systems such as liquid crystals and lipids (25, 26) . We have demonstrated that our method is one of the useful spectroscopic techniques for studying lateral diffusion of model membranes (26) . We pointed out in our previous work (26) that one could also simultaneously obtain the rotational diffusion coefficients and the order parameters in the usual fashion (e.g., 15, 27) by analyzing the magnetic field gradient-off spectra which are just the normal ESR spectra. Such a combined study can be expected to provide better insight into the dynamic properties of membranes. In this work we present an application of the ESR imaging method for lateral diffusion along with an improved spectral simulation method for ordering and rotational diffusion based upon nonlinear least square fitting (28) , to oriented model membranes of POPC containing cholesterol.
The POPC molecule has one saturated acyl chain and one unsaturated chain, as is characteristic of naturally abundant phosphatidylcholines in biological membranes. Here we concentrate on the liquid crystalline state for two reasons: (a) Most real biological membranes exist in this state (7) , so an understanding of the dynamical properties of both cholesterol and phospholipid in an unsaturated phospholipid model membrane such as POPC in this phase would be directly relevant to the role of cholesterol in biological membranes (7) . (b) Our ESR imaging method is well suited to measure diffusion coefficients in the liquid crystalline state of the membranes which range from 10-9 cm2 s-' to 10-7 cm2 S-1
We used two types of spin probes, CSL and 16-PC (Fig. 1) . CSL is a good spin probe to reveal the dynamical features of cholesterol in model membranes (6, 15) . The other probe is 16-PC, which is frequently used to study the properties of phosphatidylcholine model membranes by ESR (27, 29) . From a comparison of the behavior of these two spin probes we could hope to better understand the properties of model membranes containing cholesterol in the liquid crystalline state. 
EXPERIMENTAL METHODS

Materials
I-Palmitoyl-2-oleoyl-sn-glycero-phosphatidylcholine (POPC) was purchased from Avanti Polar Lipid Inc., Birmingham, AL, and was used without further purification. Cholesterol was obtained from Calbiochem-Behring Corp., La Jolla, CA, and recrystallized in ethanol. The 3-doxyl derivative of cholestan-3-one (CSL) was purchased from Syva Co., Palo Alto, CA, and l-palmitoyl-2-(16-doxyl stearoyl)phosphatidylcholine (16-PC) was a gift from Professor G. W. Feigenson, Department of Biochemistry, Cornell University, who synthesized it according to standard methods (30) . The purity of the 16-PC was tested by thin layer chromatography, and it was found to contain <2% impurity.
Sample preparation
The two basic sample requirements in our ESR imaging experiment are (a) the spin probe distribution is localized at the middle of the sample, (b) the sample is a well-aligned homeotropic monodomain of lipid multilayers. Because the experimental time (At) required is proportional to the square of the initial width of the spin probe distribution (52) (26) , the initial width has to be as thin as possible to minimize At. To prepare samples satisfying such requirements, we followed the modified evaporation-compression technique explained in our previous work (26) . It is based on the hydration-evaporation technique (31) and the compression alignment technique of Tanaka and Freed (27) . For details of the procedures and characterization methods see references 26 and 27. The spin probe concentration of the CSL was 0.75 mol % and that of the 16-PC was 0.50 mol %. The ESR spectra of both samples did not show any lineshape broadening due to Heisenberg spin exchange at those concentrations. The water content of the sample was determined by weighing after the ESR measurement (26) . The POPC/cholesterol samples were found to have 15-20% water by weight.
Instrumental and data collection A Varian Associates, Inc. (Palo Alto, CA) E-12 spectrometer was used for the experiments. The spectra were taken in the first derivative mode with 100 kHz field modulation, with a microwave power of -5 mW, and with a modulation amplitude -0.8 G. Homemade figure-eight gradient coils, which produced a linear field gradient of 36 G/cm at 2.0 A current, were used (25, 26) . A standard Bruker Instruments, Inc. (Billerica, MA) nitrogen flowing temperature control unit was used to regulate the sample temperature. The temperature control and variation was achieved by using an 1 -mm OD single wall quartz dewar and by monitoring the temperature with a thermocouple inserted inside the dewar from the bottom. The temperature was controlled to ±0.50C accuracy. The temperature of the sample was raised -100C between successive temperature runs. Data were collected on a model D PC (Leading Edge Inc., Canton, MA) interfaced to an HP3457 multimeter (Hewlett-Packard Co., Loveland, CO). All spectra were digitized to 1,024 points, had 100-G sweep widths, and 60-s sweep times. Two gradient-on spectra were recorded consecutively and one gradient-off reference spectrum was taken subsequently. About 20 gradient-on spectra were recorded at a fixed temperature, and this took -1 h. Each sample was used for five different temperatures ranging from 15 
where I,(k) is the Fourier transformed gradient-on spectrum and I(k) is a Fourier transformed gradient-off spectrum. The lateral diffusion coefficient D is determined by the method described in our previous paper (26) . In summary, because we used samples that are well approximated by a Gaussian initial spin probe distribution, Nonlinear least square spectral simulation. During the course of each experiment we collected the gradient-off spectra. They were analyzed to obtain information on ordering and rotational dynamics utilizing ESR spectral simulation methods (32) (33) (34) . The ESR simulations were performed utilizing nonlinear least square fitting to obtain the optimum parameters (28) . For the spin probes we were using, we followed the axis system conventions described elsewhere (27, 35) .
The potential V(Ql) determining the orientational distribution of the spin probe molecules around the ordering axis in the uniaxially ordered lipid multilayers can be expanded in a series of Wigner rotation matrix elements, e.g.,
where k is the Boltzmann constant and Q is an Euler angle specifying the relative orientation between the rotational diffusion axis (it is assumed to coincide with molecular long axis) and ordering axis. (27) . One can specify the angle (I) between the ordering axis and the applied magnetic field (H.). All spectra of CSL that were simulated had 00, whereas those of 16-PC had = 900. These values of had been chosen to minimize the spectral linewidths, thereby enhancing resolution in the imaging experiments.
The first step in the nonlinear least square simulation was to choose reasonable starting values of the four parameters, A, p, the perpendicular rotational diffusion coefficient (Rj), and the parallel rotational diffusion coefficient (Rl). They were chosen simply from previous results for the same probes in DPPC multilayers (27) . The (8) where D2 (Q) (1/2) (cos2 -1). The spectral simulations showed that the values of A are about an order of magnitude bigger than p for CSL. Thus, neglecting p and higher order terms, we can simplify the potential expansion to -kT XD) (), (9) for which the order parameter S can be written as S -fD 2 (0) Ordering and rotational diffusion Spectral simulations were performed for spectra of CSL and 16-PC at all concentrations and temperatures we have studied. The best fitting rotational diffusion coefficients and order parameters of CSL are given in Table 1 and those of 16-PC in Table 2 . Some of the simulated spectra are compared with the experimental ones in Fig.  4 , a and b. The activation energy for the R1 of CSL is given in Table 1 for the different compositions. Factors of two increase of the activation energies at -10 mol % of cholesterol compared with that at 0 mol % were found. Fig. 5 shows the variation of R1 of CSL with cholesterol. We plot the temperature variation of order parameter S of CSL at different composition in Fig. 6 a. The order parameter S of both spin probes appears to decrease linearly with temperature, and to increase with increasing mol % cholesterol.
We used = 00 CSL spectra for ESR simulation. This means that we are observing the spectrum along the principal ordering axis. For this highly ordered probe the molecular long axis is preferentially along this principal ordering axis. Thus, in this configuration, the spectral shape was very sensitive to the value of R1, whereas it was fairly insensitive to RI (as confirmed by our nonlinear least-square analysis). Thus, we put less emphasis on RI in analyzing the results of the spectral simulations. For One iS struck by very nearly parallel straight-line fits of S for CSL vs. temperature (cf. Fig. 6 a) . That is, the slope Tables 1 and 2. (8S/oT)x does not depend on the composition (except for a small deviation at 30 mol %). 
S(x, T) -S(O, T) =
, for Tconstant, I + cx (13) with b = 6.28 and c = 14.4 as shown in Fig. 7 
form. (14) S(x, T) = 1 a[ T-T (x)], for x constant, ( 11) where a = 1/[To (x) -T*(x)] = 2.77 ± 0.26 x 10-30K.
The values of To(x) and Tr(x) are given in Table 3 (15) Eq. 14 expresses a surprisingly simple universal dependence of S for CSL on x and T with no cross-terms in x and T (except perhaps a small correction at x = 0.3). We discuss Eq. 14 further in the next section. We now consider our results for 16-PC. The temperature dependence of S16PC is also found to be fit by the universal form expressed by Eq. 12 as shown in Fig. 6 reference temperatures T* (x) and To (x) are different from those for CSL (cf. Table 3 ). In the case of the x dependence of S16pc we obtain results analogous to that of Eq. 13 for SCSL in that S16pc(x, T) -Spc(O, T) has a functional form that is (nearly) temperature independent (cf. Fig. 7c ), but this functional form is distinctly different from that for CSL, (compare Fig. 7, c with b) . We now wish to consider a point of view which incorporates the fact that the addition of cholesterol has a similar type of effect on the SCSL and S16pc as suggested by their respective temperature dependences, and yet there is a markedly different dependence upon composition. This point of view, simply stated, is that the mixtures of POPC and cholesterol studied here form a simple nonideal solution. Furthermore, because CSL is known to report on cholesterol in model membranes (6, 15) , and relates to the properties of phosphatidylcholines (27, 29) , then we expect that SCSL(X, T) and Scho1(x, T) are comparable (or at least the same within a constant multiplicative factor of order unity), and also S16pc(x, T) and If, indeed, the nonideal dependences of Si(x, T) upon x are closely related to the respective -y, then the Si(x, T) for the two components of the solution cannot vary independently. More precisely, the activity coefficients of the two components of a solution are interrelated by the Gibbs-Duhem equation (38b): x dinYchol = -(1 -x)d lnypc. (17) (We are implicitly assuming that the region within the bilayer consists only of two components, with the third component, water only at the headgroup region and between bilayers [39] .)
It is a simple matter to obtain an expression for ypc from that for ychol (Eq. 16) by integrating Eq. 17 (utilizing as one set of limits of integration ypc = ychol = 1 when x = 0). One obtains:
We now need an expression for S16-pc analogous to Eq. 1 6a to compare with the experimental data of Fig. 7 c. We find that a form closely analogous to Eq. 16a:
SI6Ppc(x, T) = S16_pc(0, T) + dxypc at constant T, (17b) with -ypc given in Eq. 17a, leads to good agreement with the data as illustrated in Fig. 7 c. In particular, we obtained a temperature-independent d = 0.44 within the experimental scatter. It is found from Eq. 16 that 'y1chol decreases by a factor of five on x increasing from 0 to 0.3, whereas from Eq. 17a ypc increases only 13% upon x increasing from 0 to 0.2. In other words, our simple analysis shows that the different functional forms of SCSL and S16 pc vs. x may well be consistent with their differing activity coefficients as required by the Gibbs-Duhem relation for nonideal solutions.
Lateral diffusion vs. order parameters It is known that in an ideal solution the self diffusion rate should be linear with composition (40) . The nonlinear variations of the self-diffusion coefficients observed in this work for POPC/cholesterol solutions are characteristic of a nonideal solution (40) (41) (42) (43) . It has been suggested that one use the excess self-diffusion coefficient (40, 41) analogous to excess thermodynamic functions, to measure the extent of the deviation from ideality. Simple arguments indicate that such an excess coefficient is negative (positive) for CSL (16-PC) in analogy to cyclohexane/ benzene (41) and hexane/nitrobenzene (40) solutions. We shall treat the nonideal characteristics from another perspective.
We now consider whether the lateral diffusion coefficient D of CSL may be related to the ordering S, which we have shown provides a direct measure of solution nonideality. We show in Fig. 8 a that at each value of temperature, In D varies linearly with S2 (x, T). More precisely, we empirically find that (18) with DO = 9.18 x 10-6cm2s-,1 = 1303K * R and that a(T) = a' + b'/T (18a) with a'= -3364K * R and b' = 1.303 x 106K2 -R (and R here is the universal gas constant). The validity of Eq. 18 is illustrated in Fig. 8 We have also been able to fit our results on D for 16-PC to an equation of the form of Eq. 18 as illustrated in Fig.  8 d. There is somewhat more (random) scatter due in part to the somewhat greater error in our measurements of D16pc vs. DCSL. Nevertheless, we find that these results are also well-fit by Eq. 18 with DO = 1.06 x 10-4cm2s-1, = 2317K R with a' = -2.60 x 104K * R and b'= 8.56 x 106K2 * R. Note that for both probes a(T) decreases monotonically with temperature over the range studied. This smaller value of a(T) at the higher temperatures implies a weaker dependence for DCSL and D16PC on S at the higher temperatures. We have tried a variety of different functional forms of D vs. S, but only the form of Eq. 18 was successful. This statement must be qualified with the following observation. We were also successful in the case of CSL (but not 16-PC) with fitting our data to a linear dependence of In D vs. S(x, T), and the x2 test was comparable to that for Eq. 18 (X2> 10-2). We point out in the Discussion section that a(T)S2 + in Eq. 18 is the activation energy for the lateral diffusion. In the case of the fit of In D vs. S(x, T) for CSL, however, the numerical fit leads to a negative activation energy (and very small DO), which makes no sense physically. We have thus ruled out this latter functional form on physical grounds for CSL and statistical grounds as well for 16-PC.
Rotational diffusion vs. order parameters We found an interesting universal relation between R1 of CSL and its order parameter S in the highly ordered POPC model membranes containing cholesterol:
with A = 9.15 x 1O' s-'. The constant A is independent of both composition and temperature. This universal behavior is illustrated in Fig. 9 for all our data on CSL. On the other hand the form of Eq. 18 or its variants proved unsuccessful.
In the case of R1 for 16-PC, we could not find any simple correlation with S (including the forms of Eqs. 18 and 19) . In fact, from the data of Table 2 we find that R1 increases with S as the latter increases with mole percent cholesterol; on the other hand R1 decreases as S is increased by lowering the temperature. Thus, there is no simple relation between R1 and S for 16-PC. This is perhaps not surprising, since the motion of the 16-PC nitroxide moiety located at the end of the acyl chain (cf. Fig. '1) is known to depend greatly on the complex internal modes of the chain. The case for the rigid CSL probe is most certainly much simpler. It was found previously that the major effect of cholesterol is to increase the structural ordering in the bilayer of phosphatidylcholine at low water content (15) . In the present work we find that it not only increases the structural ordering but it also reduces the rotational diffusion rate (R1) considerably, (although it seems to enhance rotation around molecular long axis, i.e., RI for CSL). The difference may be due to the low vs. high water content of the bilayer.
DISCUSSION
Our extensive results on order parameter S, rotational diffusion coefficient R1, and lateral diffusion coefficient D, and the simple correlations between them both as a function of x (mole fraction of cholesterol) and of T in the liquid crystalline phase (above Tm) are clear and strong manifestations that this is a simple nonideal solution of POPC and cholesterol. This is, of course, in agreement with the observation of Sackmann and co-workers (11) who found a single phase for DMPC/cholesterol mixtures for x = 0.14 and possibly as high as 0.45. The order parameter of the CSL molecules which should relate closely to the properties of cholesterol molecules, and of 16-PC, which should relate to the properties of POPC, are simply interpreted in terms of nonideal solutions in the present work. This suggested an approach whereby the activity coefficients are simply given by the deviation of the respective order parameters from linear behavior in x. The diffusion coefficients R1 and D also show rather simple and monotonic variation in x and T in this phase. In fact, surprisingly simple correlations with S have been found for them, and hence with the activity coefficients obtained from them. It is perhaps remarkable that such consistent evidence could be obtained from results on these three quite different types of parameters.
In general, we have observed very substantial variations of S, R1, and D for CSL as x is increased from zero, whereas only modest changes were observed for 16-PC. While this might naively seem to suggest some peculiarity, we have shown in the previous section that it may simply be due to the Gibbs-Duhem equation applied to ychol and ypopc.
The observed ychol variation with x is consistent with preferential association of cholesterol molecules with each other in the POPC solvent. This leads to values of ychol < 1. It is therefore no surprise that D and R1 for CSL are modified significantly as x increases from the very dilute limit (i.e. less than 1 mol % of CSL). This tendency to aggregation of the cholesterol (including CSL) molecules means that the environment of CSL changes significantly as a function of x, from that of flexible POPC molecules, to the more rigid cholesterol molecules. One might expect that a cholesterol-rich region would be more dense and compact than the pure POPC bilayer providing less room available for the molecule to diffuse. As a result, the self diffusion of CSL in such a region should be slower than in the pure POPC bilayer. The rotational diffusion will be more restricted by the increased ordering, but this feature has already been included in our rotational model that distinguishes the R-tensor and the restoring potential from which S is calculated (cf. Eq. 8). The cholesterolrich regions must also be more solidlike due to the dense packing, thereby providing greater frictional resistance to rotational motion, to explain the observed order of magnitude decrease in R, for CSL with x. We do note a substantial increase of activation energy (cf. More unusual perhaps is Eq. 19 expressing R1 for CSL simply as proportional to the square of the disorder parameter, 1 -S. This seems to suggest that for the highly ordered CSL, the rotational dynamics should be referred to the rigid crystalline state of cholesterol, where the disorder parameter would be expected to be zero, and the packing forces imply a near infinite frictional resistance to reorientation. That is, the microviscosity may be expected to be a monotonic function of (1 -S)-'. Thus, finding that R1 is a function of (1 -S) may not be surprising, although the simplicity of the actual functional form that is found is not, at present, easily explained.
We now wish to consider the S dependence of the lateral diffusion coefficients as expressed by Eq. 18 . We can regard a(T)S2(x, T) + ,B as the activation energy, for the self diffusion as we have already noted. It seems reasonable to interpret this as an enhanced activation barrier to self diffusion as membrane ordering is increased by the addition of cholesterol. In fact, in a theoretical analysis of viscosities in thermotropic liquid crystals (45) an S2 dependence of the activation energy was predicted in the context of a free volume model. In that theory the relaxation time is proportional to the probability that the molecule finds enough free volume to make translational jumps between two equilibrium positions, and this leads to an S2 dependent term in the activation energy. There is also, in that theory, a term linear in S in the activation energy which comes from the contribution to the relaxation time arising from the probability that the molecule has enough energy to overcome the potential barrier due to the molecular field created by the other molecules. Diogo and Martins (45) claim that "in most practical cases" the S2 term is dominant. Our results imply a temperature-dependent activation energy such that the effect of ordering is enhanced at lower T. This could be due to the higher packing (i.e. increased density) as T is reduced, which enhances the role of ordering in providing resistance to diffusion.
All in all, some remarkable empirical relations have been found between R1, D, and S in this study of POPC/cholesterol-oriented model membranes by ESR. It should be valuable to further test their universality by similar experiments utilizing different phospholipids in conjunction with cholesterol, as well as phospholipids labeled at other positions along the acyl chain. To gain the full power of ordering and rotational-diffusion studies by ESR, these studies should be performed as a function of orientation of the multilayer in the magnetic field (27) , even though such studies would have to be performed after the ESR imaging measurements of lateral diffusion are completed (rather than simultaneously as in the present work).
CONCLUSIONS
(a) The ESR-imaging method is a useful and accurate method for measuring lateral diffusion coefficients of nitroxide spin labels in oriented model membranes.
(b) POPC/cholesterol mixtures lead to a nonideal solution in the La-phase above Tm as evidenced in the measurements of the order parameters, S, the lateral diffusion coefficients, D, and the rotational diffusion coefficients, R1, of the spin labels.
(c) The nature of the nonideality is consistent with the tendency of the cholesterol molecules to associate.
(d) A simple analysis of the order parameters of the spin-labeled components suggests they may be used to estimate activity coefficients of the cholesterol and the phospholipid.
(e) Surprisingly simple correlations of (i) S vs. x and T,
(ii 
The approximate equation (Eq. 22) fits well to the values of the numerical integration when X is >2.32 (S > 0.5) as is seen in Fig. 10 . Because the Xs are generally >2.5 for CSL in POPC/cholesterol model membranes (except for x -0), we use Eq. 22 to express the temperature dependence of the mean field ordering potential A. Fig. 6 a illustrates the temperature dependence of the order parameter S, which is linear in T, and the slope is independent of the composition. Thus we have from Eq. 
